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• ONE OF THE lowest fre(jucncy modes 
of vibration in quartz is that of a long thin 
bai* vibrating in the direction of its length. 
This led to the early use of this mode in 
constant frequency oscillators and in 
filters where freiiuencies of the order of 30 
to 1(K) kc were desired. The early bars were 
all A'-cut, that is, the faces of the bar were 
all parallel to the principal axes of the quartz crystal. I.ater de¬ 
velopments have shown that rotation of the bar about the A'-axis 
permits the choice of siTecial proi>erties with resulting improved 
[X'rfonnance in certain applications. 

In the past, bars were generally oixjrated at the fundamental fre¬ 
quency where the length of the bar is one-half wavelength. By choice 
of the lateral dimensions, the tem|xu*aturc coefficient of frequency 
could be reduced to a small value, averaging —0.75 parts per million |x^r 
degixxj Centigrade for th<' Type G70-B bars. The use of adjustable 
baffles at the entls of the bar greatly reduced the damping caused by 
siqx^rsonic radiation and reduced changes in frequency caused by 
changes in air pressure. Since there was only one nodal region, at the 
center of the bar, mounting was somewhat difficult and there was a 
tendency for the bar to twist or displace in the mounting under shock. 


Figure 1. View of the 
Type 1190 Quartz Bor 
with cover removed. The 
bar is suspended in nylon 
filaments held in tension 
by coiled springs. 
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In 1h(* Type 1190-A Quartz Bar/ 
operation at the second harmonic, with 
a full wavelength, provides two nodal 
I’egions so that a much more stable me¬ 
chanical arrangement results. Further¬ 
more, utilizing quartz of about the same 
lateral dimensions as before, zero tem¬ 
perature eot'fficient of frequency can Ix} 
obtained for a desired temperature. 
Finally, in a teasion mounting, the 
mounting cmiditions can be maintained 
essentially unchanged over long i>eriods, 
resulting in less frequency drift with 
time. 

From the piezoelectric relations and 
the equations of motion, the electrical 
impedance and the equivalent electrical 
circuit can 1)6 derived for a bar, either 
plated or unplated. Since practically all 
such bars are used with plated elec¬ 
trodes, we will consider only that case. 

First we nuist realize that quartz is 
anisotrot)ic, that is, its pro]Xirtics are 
difTerent in different directions. Second, 
that there are certain axes of symmetry 
in quartz about which the properties 
repeat. For rotation about any one of 
the three A'-axes, the pr^)perties repeat 
every 180 degrees. For rotation alx)ut 
the Z-axis, or optic axis, the proixirties 
repeat every 120 degi’ees. A familiar 
example of a simple anisotropic material 
is wood, where the properties are differ¬ 
ent along and across the grain. 

The six stre.ss-strain equations of a 
perfectly anisotropic material involve 36 
ehustic constants. Because of the reci¬ 
procity relationship, the number of 
independent constants reduces to 21. 
Next, ap]>lying the considerations of 
s>inmetiy for rotations about any A”- 
axis, in quartz, 8 of the 21 constants 
IxTome zero. Finally, applying the con¬ 
sideration of s>inmetiw for rotation 
al>out the Z-axLs, one more constant 

lUsed In the new Ttpe 1100>A Frequency Sltuidarda. 


l30come,s zero and relationships are 
established between othei*s such that the 
numl)er of independent constants is 
reduced to .six. 

In general, additional stresses are 
introduced by the i)iezoelectric effect, 
so that ilui six general elastic equations 
are modified by additional terms in¬ 
volving 18 piezoelectric coefficients, 
which relate the stre.sses with the three 
component electric fields. Again apply¬ 
ing synmietry conditions, the number of 
independent piezoelectric coefficients is 
reduced to two. 

If we now consider an A'-cut bai*, with 
its length along the )"-axis, the j)iezo- 
electric equations reduce to: 

— } y = »i2 Ax-f-Sill y-h S13Z, (I) 

~ S14I 1 -f duEx 

Qz = ExK/Att - (inXx -h (IxxYy (2) 

— d\\Yg 

where: 

Fy =s loDgitu<linnI strain * change in 
length per unit length = dlfl. 
A'*,l'y,Z*= The three longitudinal stresses 

— force per unit area = dynes/cm^ 

y, = shearing stress = dynes/cni*. 

diu flu = piezoelectric constants 

= ESU ehurge/unit area/unit force 

— statcoulombs/cm’/dj'^ne or 
strain/unit field = cms/statvolt 

Es = applieil field = voltage gradient 
= statvolts/cra. 
ffii, etc. = elastic compliances 

= displacement/d>Tie cinVdyne 
(These are the ‘'zero field’^ values, 
sometimes written with a super¬ 
script E.) 

Qs = charge per unit area = stat- 
coulomos/cm*. 

K = The "free"' dielectric constant 

To simplify these equations, we assume a bar 
having A' and Z dimensions much smaller than 
the length, or Y, dimension, so that we can put 
Xg Zs — Yt = 0 ( 3 ) 

Equations (1) and (2) then become 

“I y — SnI y -b d\\Ex (4) 

Q, = ExA74w-f diiKy (5) 

This obviously artificial simplification 
permits a .solution to be obtained for the 
equivalent circuit. Since the length di¬ 
mension Y is predominant, this theo¬ 
retical solution will serve as a useful 
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guide in practical cases. It would be 
ex|)ected that, as the lateral dimensions 
and Z are increased, the tlepartures 
from theoiy would Ix^comc more pro¬ 
nounced. These clepartures are not so 
great as to limit the usefulness of the 
simplifiefl interpretation until the lateral 
dimensions reach some 25 per cent of the 
length. 

Equation (1) shows that, in addition 
to the desired lengthwise {¥) vibration, 
there will lx? vibrations in the directions 
of the width (Z) and thickness (X); also 
there will be a shearing vibration in the 
length-width plane (YZ). This condition 
may lx? thought of as a principal 
lengthwise vibration of the desired fre¬ 
quency having thr(‘e other modes of 
vibration couple<i to it. The effects of 
the other frequencies on the desired 
frequency will depend on the values of 
the frequencies (detennined by dimen- 
sions and properties of the (pjartz in 
those directions) and on the magnitudes 
of the couplings between these different 
frequ(*ncies (detenninetl by ihe pro|x*r- 
of the ((uartz). 

In general, if two mode.'^ of motion are 
in ])lan(*s at right angles to each other, 
the coupling is weaker than if the mo¬ 
tions an* ill the same plane. .\b«o, if the 
modes of motion are such as to pnxluce 
similar displacements at the Ixiundaries, 
the (MXiplmg between them is much 
greater than when the lx)undary dis¬ 
placements are dissimilar. 

In Equation (1), the frequencies of 
the thickm*ss (X) and width (Z) longi¬ 
tudinal vibrations will \ye much higher 
than the desired length {¥) vibration. 
The frequency of the length-w’idth 
(l^Z) .shear will decrease rapidly as the 
width Is increasc<l, approaching the 
^ length (y') frequency, and the coupled 
effect becomes greater. Interpreted in 
this way, the simplification of Equation 


(1) into Equat ion (4) is accomplished by 
making the coupled frequencies so high 
compared with the lengthwise (}') fre¬ 
quency that their effects are negligible. 

It can be shown that the admittance 
of the cr>^tal is: 

( 6 ) 


E 


E^X 


= -J- 


,o)Em¥7j 


ErX 


2v 


tt)¥ 

4t 6)1* 


where v is the velocity of wave propnKiition in 
quartz. 


This con.^i.sts of tw<3 terms, represent¬ 
ing two branches in the equiv'alent cir¬ 
cuit. The first re|>resent8 the capacitance 
Cq of the two electrodes separated by 
the quartz. The second term (*ould lx? 
represented by the reactance of a trans¬ 
mission line. Usually, however, the im- 
jiedance of this briuich is represented by 
an inductance Li and capacitance Tj 
in series, resonant at the resonant fre¬ 
quency of the quartz and having a 


Figure 2. Secondary modos of vibrotion in tho bar. 
Tho shoaring vibration it oxcitod by tho normol oloc- 
trodo. Tho tocond floxural modo it mochonicolly ox* 
citod by tho timilority of ditplocomont at tho ondt. 
Tho fundamontal floxural modo cannot bo oxcitod by 
thoto oloctrodot or ditplocomonts. 
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reactance slope at this frequency equal 
to that of the tanj^ent curve. 

The inductance value can be written 
XYZr su T 
’ 2 L2rfuZj 

X 9 X 10^^ henries (7) 

The effective mass in the mechanical 
system, of a bar vibrating in the direc¬ 
tion of its length, is one-half its actual 
mass. Consequently, in (7) the first 
factor represents the effective ma®s, or 
mechanical inductance, in the n^.echani- 
cal system. The .«econd factor represents 
the transformation from the mechanical 
to the electrical system, and, to com¬ 
munications engineers, its representa¬ 
tion as an electromechanical trans¬ 
former with a certain transformation 
ratio is appealing.* The third factor is 
the conversion from electrostatic to 
practical units. 

Similarly, for the capacitance: 

^ _2 Tsnr 2dnZ T 
T^XZI sn J 

On this basis, the equivalent circuit 
can be drawn as shown in Figure Z. 

If the mechanical elements are ‘‘taken 
through” the electromechanical trans¬ 
former, we have 

Li = 106.8 henries (9) 


**'Electroniechiinienl Transduccrti and Wave Filters,” 
W. P. Maaon, D. Van Ncwtmnd Co., 1042. 


7V 

C, = ^0.00322 X 10-12 farads (10) 
A 

where the dimensions X, Z are in 
cms. 

Throughout the above no account has 
l^een taken of losses in the mechanical 
system. Due to factors such as super¬ 
sonic radiation, dissipation in the mount¬ 
ing, and losses in the quartz, a resistsmee 
element should l3e included in the 
mechanical system. 

For a bar mounted in air, free of 
reflecting obstructions, the greatest en¬ 
ergy loss is due to supersonic radiation 
from the ends of the bar. If the smallest 
dimension is greater than one-half wave¬ 
length in air, this loss can be calculated 
as follows: 

At each end of the bar a mechanical 
resistance = {pv)a XZ mechanical 
ohms is effective, where (pv)a is the 
specific radiation resistance of air and 
is equal to 43 mechanical ohms per 
square centimeter. In the mechanical 
system the two ends are in parallel, 
giving an effective resistance Rm/2. 
Taking this mechanical resistance 
through the electromechanical trans¬ 
former, w’e obtain the electrical equiva¬ 
lent 

The ratio of resonant reactance to 


Figure 3. Equivalent circuit of the quartz bar. At the left it shown the equivalent circuit with the electrome* 
chanical transformation shown at a transformer of ratio If the mechanical quantities are "taken through” 

the transformer, the electrical equivalent circuit shown at the right results. 
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resistance, or Q, of the crj^tal can l^e 
detemiined either in the mechanical 
8>^tem or the electrical equivalent. In 
the mechanical system, the resonant 
mechanical reactance and the mechani¬ 
cal resistance are: 


0m = 


At resonance w }' 


Rn, 4(pV)aXZ 
TTtfg SO that 


( 12 ) 


d 


Hpv)a 

T (2.654 X 5.44 X 10^) 


4 X 43 

= 26400 (13) 

In the electrical equivalent circuit we 
have from Equations (0) and (11) the 
resonant reactance and rcsi.«tance giving 
182.5 X 10«A7Z 


Q. 


6920A7Z 


= 26400 (14) 


Under these conditions it is seen that 
the Q is independent of the area of the 
ends of the bar, that is, a “thin'* bar 
would have the same Q as a compara¬ 
tively “fat” bar. However, operation 
under these conditions is of no practical 
interest since reflection.s would take 
])lace from objects near the crj^tal, and 
the lasses are unncc(‘S8arily high. 

One method of reducing the super¬ 
sonic energy loss and of fixing the con¬ 
ditions of reflection near the cr>'stal is to 
put baffle plates near the ends of the bar 
and adjust the position of the baffles for 
quarter-wave resonance. 

For an A^'-cut 5()-kc bar having the 
dimensions X — 9.4, )' = 54.4, Z = 7.0 
min, the resistance, when radiating 
freely, would l>e, from Equation (11), 
9290 ohms. The actual measured re- 
sistiuuHi would \ye appreciably higher 
due to the effects of radiation from other 
surfaces, losses in the mounting, and the 
effects of coupled modes of motion. 

Using properly adjusted baffles, the 
alxjve radiation resistance can be re¬ 


duced by 90 or 95 pt»r cent, becoming 
about 7(K) ohms. The actual measured 
resistance under these conditions would 
be about 2500 ohms, giving a of 
98,000. 

These figures indicate that vacuum 
mounting of such a bar will not result 
in an indefinite increase in Q. Here, 
vacuum mounting could at most remove 
the residual air-wave loss at the ends 
(700 ohms) plus a small amount due to 
radiation from other surfaces — perhaps 
800 ohms in all, in the total of 2500 
ohms. This would give a Q of alxiut 
98,000 X (2,500/1700) = 147,(KK). 

The residual loss is largely due to 
coupled modes of motion. It can 1)C sul> 
stantially altered by orienting the bar. 
Wliile this reduction would ho highly 
desirable from the point of view of 
obtaining the greatest possible Q, other 
factors are important, such as increased 
temperature coefficient. 

An unexjiected effect occurs, as a 
re.*5ult of the YZ shear vibration, which 
is the excitation of a flexural vibration. 
Thi.s flexural vibration cannot lar e.x- 


Figur« 4. Showing the relation of the rototion angle, 
Of to the principal axis of the quortx. 
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I’ited piozcM'lcctncally with the niiuple 
electrode sj’stein so far coiisiclen'd. A 
mechanical coupling exists Initwwn the 
flexural and shear modes by viilue of 
similar displacements at the l>onndaries. 
This may l)e visualized as shown in Fig¬ 
ure 2. It is evident that there is a 
marked similarity of displacements at 
the ends of the bar, for the fundamental 
shear and the second flexural motle. 

The flexural frequencj" is given by 
km^Z/y^^ where the factor m is a com¬ 
plicated function of the dimensions of 
the bar for all but extremely thin bars. 
An im|)ortant |)rofH'rty, however, is 
evident - that the flexural frequency 
mcreases with an increase in Z, or width, 
of the bar. This mode is the only one in 
which the frequency changes in this 
direction with change of dimension. 
When the width Z is made ap])roxi- 
mately 25 per cent of the length T, the 
second flt'xural frequency is equal to the 
longitudinal frcqmuicy. Because of the 
cM>m])aratively strong coupling, the flexu¬ 
ral frequency causes a marked dis¬ 
turbance of the longitudinal frequency 
and also caia?es a large incrtMise in the 
temperature coefticient. 

Flirth<T investigation of tliis region 
for bars having approximately square 
cross-section has shown that the (‘oupled 
circuit elTect may be utilized to obtain 
a frequency-temi>erature curve in the 
shape of an inverted paralxda.* At one 
teinfM'rature, the tenqierature-ciK'fTicient 
of freqiuMicy is zero, and changes only 
slowly for temperatures on either side. 

So far we have indicated a redu<*tion 
in the effects of coupled frequemaes only 
by making the frequencies ver>^ far 
removed from the desired frequency, 
accomplished by keeping the lateral 

*"Low Temnerature-Coefficient Qaani Cryiula," W. P. 
Maaon. Bell Hytiem Teehnieal Journot, XIX, No. l. 
January, 1040. On page 75, Maaon gives the nr<»j>ortion« 
(or a aqunra bar aa 0.272. The bars here ileacribed arc 
not square. 


dimensions of the bar very small com- 
paml with the length. 

In Equation ( 1 ) it is possible to make 
certain of the elastic I’oeflicients zito, by 
suitable orientation of the bar. Equation 
( 1 ) is written with the particular values 
of the elastic and piezoelectric (HX'ffi- 
cients which apply when the three di¬ 
mensions of the bar are taken along the 
thit^ cr>^tallographic axes. 

Investigation of the pro|)erties of 
rotated bars shows that for a rotation 
of -18.5°, the coefficient **24 vanishes. 
This means that for this rotation no 
shearing motion is excited and. con¬ 
sequently, no flexural motion will lake 
f)lace. Thus two of tla* jllsturbing fre¬ 
quencies are eliminated. The motion 
consists of the longitudbial vibration 
desired, accompanied by lateral motions 
only. A bar cut in this manner Is found 
to have a higher Q than an unrotated 
bar. It hiLs abo a substantially higlier 
temperature coeflicient (approximately 
-21 parts per million per degree C. 
in.stead of - I or — 2 '), which is not too 
troublesome in some applications. At 
this angle the length of the bar Is in the 
direction of minimum Young’s Modulus 
in the Y'Z filane. For a given frequency 
this gives the sliortest bar, some ti jier 
cent .shorter than the unrotated bar. 

At an angle of rotation of +41.5 
degrees, not only is the coefficient .924 
zero, but al.<o . 9 ^ 3 . The coefficient 
is much smaller than in the two piwious 
cases. In this case a nearly pure longi¬ 
tudinal vibration is obtained, with a 
small lateral motion in the A'-diix^ct ion 
only.* A sid»stantially higher Q is ol> 
tained but at the expense of a high 
tem|ierature coefficient, approximately 
— 77 parts pt»r million |x»r degive C. At 
this angle the length of the bar is ver\* 

4*’8onio Expcrimanul Studies of the Vibrations of Quarts 
Platen,” R. B. Wright and D. M. Stuart, Reiiearch Paper 
No. 356, U. S. Bureau of Standards. 
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Figwr* 5. Plot of fho change in frequency with the 
temperature for a Type 1190<A Quartz Bar. 


nearly in the direelion of maxiinuin 
Vounj^’s MocluliLs in the YZ plane, giv¬ 
ing very nearly the greatest length fttr a 
bar of given frequency, some 30 pcT 
cent longer than the iinrotated bur. 

The sunple theory outUned above is 
not adequate to handle the case of bars 
the lateral dimensions of which art* 
appreciable eomparwl with the length. 


In general, experiment shows that the 
Q of bars whose lateral dimensions are 
of the order of 25 per cent of the length 
is somewhat gi’eater and that the tem- 
|)erature coefficient can lx* made zero at 
a particular teiiipi*rature. The bar de¬ 
scribed above for 50-kc fundamental 
oi)eration can Ije operateil in the second 
harmonic nunle at 100 kc, thereby 
bringing the ratio of dimensions into the 
range giving low tem|K*rature c<x*flicient, 
without using more quartz. Because* of 
the mode of vibration, two nodal 
regions are obtained instcail of one, 
making for a much better mechanical 
moimting with .support at two points. 
A value of Q of 170,000 can be obtained, 
in a thread-sus|)enftion mounting with 
baffles, of the ty|X' shown in the j)hoto- 
graph of Figure 1. 

— J. K. Clapp 


THE NEW ELECTRICAL UNITS 


The change from the old ^‘interna- 
tional** units to the new “absolute^* 
units, which took place on January 1, 
1918, w^as described under the above 
title in the General Radio Experimenter 
for July-August, 1947. This chang«! in¬ 
volves a revaluation of the units of 
resistance, inductance, and capacitance 
as given in the following table: 

1 intematiorial ohm * 1.000495 abs. ohnu) 

1 international henry *■ 1.000495 abs. henries 
1 inteniaiional farad .999505 abs. farad 

To convert the value's of existing stajul- 
ards to the new units, the present value's 
should be multiplied by these factors. 
To atijust an existing standard to have 
its marked value in the new units, a 
resistor or inductor is decreased in value 
by 0.0495 per cent, while a capacitor Ls 
increased in value by 0.0495 per cent. 


.Vll instruments now Udiig manu¬ 
factured, together with all of their com¬ 
ponents, ai*e adjusted and calibrated in 
terms of the new’ units. The difTereiu^e 
between the old and new units is of 
importance only when the accuracy 
lunits are 0.1 |H*r cent and 0.25 jxr cent. 
In tliis accuracy classification there are 
12 types of Cleneral Radio instruments 
and comj>onent8, as shown in the ac¬ 
companying table. All of these soUl after 
the appro.ximate dates given in the 
table w ill be calibrated in absolute units 
and will be marked with the abbrevia¬ 
tion ^‘abs.’^ placed after or near the unit 
in which the instrument is calibrated. 
The spread in these ilates from February 
15 to May 1 has been caused by the fact 
that orders for parts for a production 
lot of instruments must be placed many 
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months ahead of the final delivery to 
sales stock. It was necessary in such 
items as resistance units, which are 
manufactured in lots of several thousand 
and are used in almost all of this p-oup 
of instruments, to arrange that all old 
“international” units be used up at 
about the same time and that new “abso¬ 
lute” units be then available. 

New instniments with type numbers 
of 1000 and above and new components 
which may have type niunljers below 
1000 will not be marked “abs.”, even 
though so calibrated. 

READJUSTMENT OF 

The difference of approximately'^ 0.05 
per cent between the old and the new 
units will be of little importance for 
much ordinary measurements work. On 
the other hand, in measurements where 
an accuracy approaching 0.1 |)er cent is 
desired, allowance for the difference 


Typ« Rasiilort Dot* 

600 Resistor.April 15 

510 Decade Resistance Unit.May 1 

602 Decade Resistance Box.May 1 

054 Decade Voltage Divider.May I 

068 Compensated Decade Resistance 

Unit.Feb. 16 

670 Compensated Decade Resistor. .Feb. 15 

Capacitors 

722 Precision Condenser..^)ril 15 

509 Standard Condenser.March 15 

Inductors 

106 Standard Inductance.March 15 

Bridgos 

716 Capacitance Bridge.March 15 

821 Twin-T Impedance Measuring 

Circuit.May 1 

667 Inductance Bridge.March 1 


OLD INSTRUMENTS 

between the two systems of units should 
be made. It is possible to readjust or 
recalibrate bridges and impedance stand¬ 
ards in the absolute system of units, and 
our Service Department will quote 
prices U|)on request. 

— Robert F. Field 


MISCELLANY 


Dr. M. A. El Said, Senior Lecturer at 
Fouad 1 University, Cairo, Egypt, at the 
request of the General Radio Company, 
visited the plant during January and 
February to demonstrate new electronic 
circuits particularly adapted to obtain¬ 
ing products and quotients of electrical 
voltages. One of these circuits is now 
under development for use in an elec¬ 
tronic wattmeter. 


The quartz bar illustrated in the 
article by J. K. Clapp is used in the new 
General Radio Type 1100-A Frequency 
Standard. Ttvo models of this standard, 
the Type 1100-AP Primary Standard 
and the Type 110()-AQ Secondary 
Standard, are now in production and 
will be dascriljed in an early issue of 
the Experimenter, 
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